Abstract PAGE09 is an updated version of the PAGE2002 integrated assessment model (Hope 2011a) . The default PAGE09 model gives a mean estimate of the social cost of CO 2 (SCCO 2 ) of $106 per tonne of CO 2 , compared to $81 from the PAGE2002 model used in the Stern review (Stern 2007) . The increase is the net result of several improvements that have been incorporated into the PAGE09 model in response to the critical debate around the Stern review: the adoption of the A1B socio-economic scenario, rather than A2 whose population assumptions are now thought to be implausible; the use of ranges for the two components of the discount rate, rather than the single values used in the Stern review; a distribution for the climate sensitivity that is consistent with the latest estimates from IPCC 2007a; less adaptation than in PAGE2002, particularly in the economic sector, which was criticised for possibly being over-optimistic; and a more theoretically-justified basis of valuation that gives results appropriate to a representative agent from the focus region, the EU. The effect of each of these adjustments is quantified and explained.
shows the pdf of the SCCO 2 from the PAGE2002 model using the same inputs that led to the mean value of $85 quoted in the Stern review (Stern 2007) . The values on the vertical axis have no meaning; the scale simply ensures that the area under the curve is 1.
The actual text in the Stern review is "Preliminary calculations … suggest that the social cost of carbon today, if we remain on a BAU trajectory, is of the order of $85 per tonne of CO 2 " (Stern 2007 , exec summary, p xvi). Figure 1 shows that, with a full calculation of 100,000 runs, the mean value using the default PAGE2002 model with all relevant parameters set at the values used in the Stern review is $81 per tonne of CO 2 . This assumes that GDP, population and emissions follow the SRES A2 scenario (Nakicenovic and Swart 2000) , as in the Stern review. It is not quite identical to the $85 reported in the Stern review, because the Stern team made some small changes to the default model, mainly to perform endogenous discounting.
The 5-95 % range is $16-208, and the standard deviation of the result is $70, so the standard error of the mean is $70/sqrt(100,000), about $0.25. Another 100,000 runs would be 95 % sure to produce a mean value within about $0.5 of the mean value shown in Fig. 1 . The appropriate level of precision for reporting the mean SCCO 2 results is thus to the nearest integer.
The most obvious feature of the distribution is its large positive skewness, with a possibility of an SCCO 2 much higher than the mean value, up to about $1,000 per tonne of CO 2 . These high values occur when the small increase in emissions brings forward the first date at which a discontinuity, such as the melting of the Greenland or West Antarctic ice sheets, has a non-zero chance of occurring (Lenton et al. 2008 ).
3 The SCCO 2 from the PAGE09 model Figure 2a shows the full distribution of the SCCO 2 from the default PAGE09 model, version 1.7. The mean value is $106 per tonne of CO 2 , with a 5-95 % range of $12-290. This The standard deviation of the result is $270, so the standard error of the mean is $270/sqrt (100,000), about $0.75. Another 100,000 runs would be 95 % sure to produce a mean value within about $1.5 of the mean value shown in Fig. 2a .
The positive skewness of the distribution is more pronounced than for the distribution from PAGE2002, with a few values as high as $10,000. Unlike the PAGE2002 model, the PAGE09 model keeps track of whether a discontinuity, such as the melting of the Greenland or West Antarctic ice sheets, has actually been triggered in each run by the temperature exceeding the tolerable level enough to increase the probability of a discontinuity beyond the value of a uniform [0,1] random number in that run. The very high values for the SCCO 2 occur when the small increase in emissions brings forward the date at which a discontinuity has been triggered.
The skewness is so extreme that it is difficult to see the shape of the distribution. Figure 2b shows the result with the top 1 % of values omitted, when the PAGE09 distribution is much closer in shape to the PAGE2002 result, with similar values for the mean, standard deviation and skewness. Comparing the mean value of $84 with the mean value of $106 when all runs are included shows that the top 1 % of runs contribute about 20 % to the mean SCCO 2 value. This confirms the insight in Weitzman 2009 , that it is important to properly represent uncertainty and the tail of the distribution when making estimates of the SCCO 2 .
Major influences on the SCCO 2
The PAGE09 model is designed so that the input distributions can be assumed to be independent. Figure 3 shows the amount by which the SCCO 2 increases if the eight most important influences on the SCCO 2 increase by one standard deviation, with all other variables keeping to their original ranges. The most important influence is one of the components of the climate sensitivity. An increase in the transient climate response (TCR) by one standard deviation increases the SCCO 2 by about $67. As the TCR has a triangular distribution with minimum 1, mode 1.3 and maximum 2.8°C (written as <1, 1.3, 2.8>), its standard deviation is 0.4°C.
Next are the pure time preference (PTP) rate and the equity weights, the elasticity of the marginal utility of consumption (EMUC), also known as eta in the Ramsey discount rate equation. In the default PAGE09 model, PTP has a distribution of <0.1, 1, 2>% per year, and EMUC has a distribution of <0.5, 1, 2>; the signs of the influences are negative, with an increase in PTP or EMUC of one standard deviation, about 0.4 % per year and 0.3, reducing the SCCO 2 by about $40 and about $30 respectively. A higher PTP rate means that future impacts have a lower NPV. A higher EMUC means that future impacts, when consumption per capita is on average higher than today's consumption per capita in the EU, are weighted less. The implication is that a PTP rate of 0.1 % per year and an EMUC of 1, as used in Stern 2007 , would increase the mean SCCO 2 by about $115, to over $220 per tonne of CO 2 .
The feedback response time (FRT) is the characteristic lifetime of the delay in reaching the equilibrium temperature increase triggered by an increase in radiative forcing. An increase in the FRT by one standard deviation, or about 11 years, increases the SCCO 2 by about $26. Shouldn't this influence should be negative, as a higher FRT means the Earth takes longer to respond to higher radiative forcing? In fact, if the TCR is independent of the FRT, as is assumed in the model, a higher FRT means a higher climate sensitivity, and so a larger response to higher concentrations of CO 2 overall.
The next most important influence is an internal variable, a uniform random number between 0 and 1 which the probability of a discontinuity has to exceed for a discontinuity to be triggered. If this increases by one standard deviation, about 0.28, the SCCO 2 is reduced by about $18. This shows that the possibility of a large-scale discontinuity does make a major contribution to the value of the SCCO 2 in the A1B scenario, even though it is unlikely to be triggered in the near future.
Increasing (i.e. making less negative) the indirect sulphate effect (IND) by 0.16 W/m2 for a doubling of sulphate concentration increases the SCCO 2 by about $17; increasing the exponent of the power function linking non-economic impacts to temperature (POW_2) by 0.3 increases the SCCO 2 by $16, and increasing the weight on non-economic impacts (W_2) by one standard deviation, about 0.2 % of GDP, increases the SCCO 2 by about $13.
All these influences have the expected sign. They confirm the importance of the key areas described in the introduction, and help explain how and why the SCCO 2 estimates have developed from PAGE2002 to PAGE09, and why the new estimates are superior. Hope 2011b discusses the source of the input values to the default PAGE09 model; these most important influences are explored in detail in the next sections.
4 Comparing the results from the PAGE2002 and PAGE09 models Table 1 shows the main results from the investigation. Each row gives the summary statistics of the social cost of CO 2 after a change is made: the mean, standard deviation and the 10 %, 25 %, 50 %, 75 % and 90 % points on the probability distribution. Graphs of the full distributions are in the supplementary material (Figs. S1, S2, S3, S4 and S5) but are not shown here for lack of space. The shape of each distribution is similar to Fig. 1 if the result is from the PAGE2002 model, and to Fig. 2a if it is from PAGE09.
Business as usual scenario
The first difference between PAGE2002 as used in the Stern review, and the default version of PAGE09 is that PAGE2002 uses the IPCC SRES A2 scenario and PAGE09 uses A1B as its business as usual (BAU) scenario (Nakicenovic and Swart 2000) . Using PAGE2002 with all inputs as for the Stern review, but with the A1B scenario instead of A2 gives the SCCO 2 in the first row of Table 1 . The mean value is $33 per tonne of CO 2 , with a 5-95 % range of $7-88. This is considerably lower than for the A2 scenario in Fig. 1 , which had a mean value of $81, and confirms the contention of Ackerman and Stanton 2011, that the BAU scenario can have a major impact on the SCCO 2 .
It might seem to contradict the findings of Hope 2006b that the SCCO 2 from PAGE2002 is largely insensitive to the emissions scenario upon which the extra tonne is superimposed. In fact it does not, as the reduction in mean value from $81 to $33 is mainly due to the lower population and GDP in scenario A1B; by 2100 the global GDP is less than half the value in scenario A2, $340 trillion rather than $730 trillion, and the global population is only about half the value in scenario A2, 7 billion rather than the implausible 14 billion and still rising in the A2 scenario. This is confirmed by running PAGE2002 with the emissions from A1B but the GDP and population from A2, which gives a mean SCCO 2 of $72 per tonne, much closer to the value using the A2 scenario.
Year in which the SCCO 2 is calculated
In the PAGE2002 results in the Stern review, the extra tonne of CO 2 is emitted in 2001. In the PAGE09 default model, the extra tonne is emitted in 2009. The PAGE2002 model does not have 2009 as an analysis year, but both models can produce results for 2010. The second row of Table 1 shows the SCCO 2 for 2010 from PAGE2002, under the A1B scenario, and with all other inputs as for the Stern review. The mean value is $40, up from $33 in 2001, with a 5-95 % range of $8-106. The annual growth rate of just over 2 % occurs because more of the later emissions remain in the atmosphere in the latter half of the century and beyond, when the impacts of climate change become more severe. SCCO 2 estimates for 2010 are clearly more relevant to policy making today than estimates for 2001.
Discount rate and equity weights
The PAGE2002 runs for the Stern review used single values of 0.1 % per year for the PTP rate and 1 for EMUC. The default PAGE09 model uses triangular distributions for these two parameters, as described in Hope 2011b; the PTP values cover the range from the Stern review assumptions at the low end to the empirical estimates in Nordhaus (2007) at the high Table 1 shows the SCCO 2 produced by PAGE2002 for 2010 in the A1B scenario using the PAGE09 default triangular distributions for PTP and EMUC. Unsurprisingly, given the higher discount rate, the mean value drops to $15 per tonne of CO 2 , with a 5-95 % range of $2-48.
Converting this mean result to $2005, using the US GDP deflator (US Department of Commerce 2011), it comes to $17 per tonne of CO 2 . This is now well below the PAGE09 default mean value of $106 per tonne of CO 2 .
Climate sensitivity
How about the other two main influences identified in the introduction and in Fig. 3 , the components of the climate sensitivity, TCR and FRT? The Stern review used triangular distributions for the climate sensitivity of <1.5,2.5,4.5>°C, giving a mean value of 2.83°C, and for the FRT of <25,50,75>years, giving a mean value of 50 years. The TCR used in the default PAGE09 model is <1,1.3,2.8>°C, giving a mean value of 1.7°C, and the FRT is <10,30,65>years, giving a mean value of 35 years; both these distributions from Andrews and Allen 2008. The resulting climate sensitivity distribution has lowest values of just under 1.5°C, a 5 % chance that it will be below 1.85°C, a most likely value of 2.6°C, a mean value of 3°C, a 5 % chance that it will be above 4.6°C, and a long tail reaching out to nearly 7°C. This is consistent with the latest estimates from IPCC 2007a, and is clearly superior to the narrower triangular distribution in PAGE2002.
It is not possible to adjust the PAGE2002 inputs to reproduce the climate sensitivity and feedback response time used in PAGE09, so instead we work from the other end of the puzzle, and adjust the default PAGE09 model so that it uses the same distributions for the climate sensitivity and FRT that were used in the Stern review.
The fourth row in Table 1 shows that when we do this the mean SCCO 2 drops from $106 to $71 per tonne of CO 2 , with a 5-95 % range of $7-173. This is unsurprising as the mean climate sensitivity in the Stern review is slightly lower and the mean FRT is longer than in the default PAGE09 model-a longer FRT gives a lower SCCO 2 if the climate sensitivity, rather than the TCR, is fixed.
Adaptation
Adaptation is one of the four areas identified by Dietz et al. 2007 , as an important influence on the SCCO 2 . Adaptation is a policy variable in PAGE09, as it is in PAGE2002, so adaptation inputs are single choice values rather than probability distributions, and do not appear in Fig. 3 , the tornado diagram of major influences. However, decisions about adaptation clearly have a major influence of the SCCO 2 ; in the extreme, if adaptation were 100 % effective in every sector everywhere and for all time, the SCCO 2 would be zero. Adaptation costs would then be high. PAGE09 calculates adaptation costs and includes them in the total effects of climate change. But adaptation costs do not affect the SCCO 2 because the amount of adaptation would not be expected to vary with small changes in emissions.
The default adaptation assumptions in PAGE09 (see Hope 2011b for details) have less adaptation, particularly in the economic sector, than in the Stern review runs with PAGE2002. Running the PAGE09 default model with adaptation from the Stern review reduces the mean SCCO 2 from $106 to $83; running it with no adaptation gives a mean SCCO 2 of $127. So the default adaptation in PAGE09 is in aggregate about half as effective as that assumed in the Stern review. The new default adaptation assumptions are more reasonable, given the criticism of the adaptation in the Stern review for being over-optimistic (Ackerman et al. 2009 ).
Running the default PAGE09 model with the Stern climate sensitivity and FRT, and the Stern adaptation, gives the SCCO 2 distribution shown in the fifth row of Table 1. The mean SCCO 2 drops further to $56 per tonne of CO 2 , with a 5-95 % range of $7-120, but is still much higher than the mean equivalent result from the PAGE2002 model of $17 per tonne of CO 2 .
Basis of valuation
The main explanation for the remaining difference is the basis on which the economic values in the two models are expressed, to allow for the ethical issues of impacts in rich and poor regions; one of the four areas highlighted as important by Dietz et al. 2007 . Both PAGE2002 and PAGE09 apply equity weighting to account for the greater loss of utility from the loss of $1 in a poor region compared to a rich one. In PAGE2002, the equity weighting is applied in an ad-hoc way such that impacts are increased in regions whose GDP per capita is lower than the global mean at that date, and vice versa. Implicitly, the SCCO 2 value is appropriate for a representative agent with income equal to the global mean GDP per capita.
In PAGE09, the equity weighting in Anthoff et al. (2009) is used, such that impacts are increased in regions whose GDP per capita is lower than the GDP per capita in the focus region of the model, the European Union (EU), and vice versa (Hope 2011a ). The SCCO 2 value is appropriate for a representative agent with income equal to the mean GDP per capita in the EU in the year in which the SCCO 2 is calculated.
In the PAGE2002 runs for the Stern review, the mean global GDP per capita in the base year, 2000, is $8,063, in 2005. In the default PAGE09 model, the mean EU GDP per capita in 2010 is $28,400, in 2005, 3.5 times as high. Applying the mean EMUC in the default PAGE09 model of 1.1667, the SCCO 2 should be adjusted by a factor of 4.34 to correct for this difference.
There are two equivalent ways of making the adjustment. Either the mean SCCO 2 from PAGE09 shown in the fifth row of Table 1 of $56 should be divided by 4.34 to apply to an agent with the mean global GDP per capita in 2000, which gives a mean value of $13 per tonne of CO 2 . Or the mean SCCO 2 from PAGE2002 shown in the third row of Table 1 , revalued to 2005, of $17 should be multiplied by 4.34 to apply to an agent with the mean EU GDP per capita in 2010, which gives a mean value of $73 per tonne of CO 2 . Since the method in Anthoff et al. 2009 , is justified by the axioms of expected utility theory, this is a clear improvement over the ad-hoc approach in PAGE2002, and the upward adjustment is preferred.
With this adjustment, the mean SCCO 2 results from the Stern PAGE2002 and default PAGE09 models are within 25 % of each other, provided the inputs are harmonized: the PAGE09 assumptions for the business as usual scenario, year of calculation, discount rates and equity weights, and the Stern assumptions for climate sensitivity, feedback response time and adaptation. The values from PAGE09 are the lower of the two.
Other investigations
It is reasonable to ask why the results are not even closer. The answer is that there are several structural changes in the PAGE09 model that are impossible to set back to something approximating the earlier PAGE2002 form.
In particular, the forms of the non-economic and discontinuity impact equations, which were identified as major influences by Dietz et al. 2007; Ackerman and Stanton 2011, and in Fig. 3 , have been improved. The impacts are explicitly linked to regional GDP per capita in PAGE09, but not in PAGE2002. In other words, the GDP per capita of a region enters explicitly into the equation describing impacts as a % of GDP in PAGE09; generally the poorer the region the higher the impacts for a given temperature rise, although for noneconomic impacts the mean value of the parameter implies no dependence on GDP per capita, as willingness to pay for better health and ecosystems rises slightly with income (Pearce 2003) , balancing out the greater vulnerability of poorer regions (IPCC 2007b) .
Also, the discontinuity losses build up gradually in PAGE09, with a characteristic lifetime of between 20 and 200 years, after the discontinuity is triggered, rather than all occurring immediately, as in PAGE2002. The shorter values for this lifetime are consistent with ice sheet estimates in Hansen 2007 , and would also be appropriate for discontinuities like monsoon disruption and thermohaline circulation, with the medium and longer values reflecting more mainstream views of the loss of ice sheets (Nicholls et al. 2008; Lenton et al. 2008 ).
Although it is not possible to set these changes back to their form in PAGE2002, it is still possible to make some investigations of them. Table 2 shows the mean SCCO 2 from the default PAGE09 model if the impacts from any of the four sectors are artificially set to zero.
It might be thought that the four drops in Table 2 should sum to 100 %; however they do not sum exactly as there are small interactions between them. If there are no non-economic impacts, for instance, the valuation of the discontinuity impacts will be slightly higher, as there will be more consumption remaining to be affected by any discontinuity that does occur. Table 2 confirms the impression from Fig. 3 that the non-economic impacts, such as impacts on health and ecosystems, are most important, with the mean SCCO 2 dropping by 42 % if they are omitted; this is largely due to the difficulty of effectively adapting to these impacts.
Discontinuities are about as important as economic impacts, even though they are very unlikely to be triggered for several decades, accounting for about 25 % of the mean SCCO 2 value. This is because if the discontinuity occurs, the EU is assumed to lose between 5 % and 25 % of its GDP, and other regions lose more or less depending upon their GDP per capita and weights factors; the range is wide because of the paucity of studies of the economic losses that a discontinuity would bring. The lower figure is the value for a 10 m sea level rise in Anthoff et al. 2006 , the middle of the range reflects the losses from a 5 m sea level rise in Nicholls et al. 2008 , the upper figure is that assumed by Nordhaus 1994.
The sea level impacts are lower for a variety of reasons: sea level rises more slowly than temperature, adaptation can be very effective against the first metre or so of sea level rise, and, unlike impacts that depend on temperature, the impacts from sea level rise seem as though they will only rise less than linearly with the amount of sea level rise (Anthoff et al. 2006) . One other experiment worth reporting is the result from the PAGE09 default model using the Stern PTP value of 0.1 % per year, and EMUC of 1. This gives a mean SCCO 2 in 2010 of $291 per tonne of CO 2 . This is rather higher than the $220 implied by the values in Fig. 3 . The lesson from this is that the tornado influence diagrams, such as Fig. 3 , are useful but not completely accurate, particularly for values at the extreme ends of the input distributions.
To complete the investigation of influences identified as major in Fig. 3 , PAGE09 with PAGE2002 indirect sulphate inputs gives a mean SCCO 2 of $106, exactly as in the default model, as the treatment of indirect sulphates has not changed between PAGE2002 and PAGE09.
Discussion and conclusions
The development of the mean SCCO 2 , from the value in the PAGE2002 model with Stern input assumptions, to the value in the default PAGE09 model, is summarised in Table 3 . In each row the final column shows the factor by which the mean SCCO 2 changes incrementally from the previous row, either as a multiplication if the value increases, or a division if it decreases. This form for the table is chosen so that it is easy to interpret: the larger the entry in the final column, the greater the effect of this change on the mean SCCO 2 .
So, in the second row, going from the Stern inputs, which used the A2 scenario, to the A1B scenario, divides the mean SCCO 2 by a factor of 2.5. Keeping this change and also having the extra emissions in 2010 rather than 2001, multiplies the previous result by a factor of 1.2, and so on.
The largest incremental change comes from expressing the valuation in terms of an agent with the mean EU GDP per capita rather than the global average. Because the agent in the EU is richer, they would be willing to give up more dollars of consumption to avoid the extra global impact from one more tonne of CO 2 .
This has implications for the mean SCCO 2 in other regions of the world. It will be higher in rich regions like the US, and lower in poor regions. The mean value in 2010 varies from a low of $10 per tonne of CO 2 in India & SE Asia, to a high of $166 in the USA, to avoid the extra global impact from one more tonne of CO 2 emitted in that region. As long as inequalities persist in mean GDP per capita across world regions, it will be appropriate to Table 3 are also to do with economics rather than science. Using the full range of values for discount rates and equity weights, rather than the single values in the Stern review, reduces the mean SCCO 2 by a factor of 2.7. And using the A1B scenario rather than the A2 scenario reduces the mean SCCO 2 by a factor of 2.5, almost entirely because of the different socio-economics in the A1B scenario, not because of the different emissions.
The newer estimates of the transient climate response and feedback response time in the default PAGE09 model increase the mean SCCO 2 by a factor of 1.5, and this is the most influential scientific update. All the remaining structural and parametric improvements of moving to the PAGE09 model, shown in italics in Table 3 , have a net effect of decreasing the mean SCCO 2 by a factor of 1.3. These improvements include the explicit representation of N 2 O emissions, sea level rise, land and ocean temperature changes, the lag between the triggering of a discontinuity and feeling the full effects, and the explicit linking of impacts to regional GDP per capita (Hope 2011a) . The less effective adaptation assumed in the default PAGE09 model has the opposite effect, increasing the mean SCCO 2 by a factor of 1.3. These findings confirm the importance of the factors identified by Dietz et al. 2007 and Ackerman and Stanton 2011 in determining the SCCO 2 .
Finally, the two technical adjustments of moving the extra emissions from 2001 to 2010 increases the mean SCCO 2 by a factor 1.2, and expressing the result in 2005 rather than 2000 increases the mean SCCO 2 by a factor of 1.1.
These results confirm that users should ask a set of seven questions when they see an SCCO 2 result from an integrated assessment model: 1) Who is making the valuation? An agent in the USA, the EU, or a poorer region of the world? 2) What discount rate and equity weight assumptions have been used? 3) What is the socio-economic scenario on which the valuation is based? 4) What are the assumptions about climate sensitivity, and feedback response time? 5) What adaptation has been assumed? 6) What scenario of future emissions has been assumed? 7) How have the risks and uncertainties, including the possibility of a discontinuity, been incorporated?
All of these questions are explicitly answered in this paper. The default PAGE09 model is a clear improvement on the earlier PAGE2002 model, is a faithful reflection of the best available information from more detailed scientific and economic models, and its mean estimates of the SCCO 2 of $102 per tonne of CO 2 in 2009, and $106 in 2010, are reasonable. However it will always be true that the input distributions to PAGE09, or any IAM, are to some extent subjective; no objective method exists to combine estimates from a variety of different sources into a probability distribution. That is why it is important to be as transparent as possible in presenting and explaining results, and to make the model freely available to any researcher who wishes to explore alternative assumptions.
The results in this paper are only a small subset of the outputs that the PAGE09 model produces. Comparing marginal abatement costs with the social cost of CO 2 helps to guide the search for economically efficient emission cutback paths. The effects of different types of discontinuity on the SCCO 2 ; the contribution to the SCCO 2 from the long right tails of the input distributions; the social costs of the emissions of non-CO 2 greenhouse gases-all these and more can easily be investigated with the PAGE09 model. Anyone interested in working with PAGE09 is invited to contact the author to obtain a copy of the model.
